. Simulation of logistics to supply Corn Stover to the Ontario Power Generation (OPG) Plant in Lambton, Ontario. Canadian Biosystems Engineering/Le génie des biosystèmes au Canada 58: 8.1-8.8. The overall goal of this research is to investigate the logistics of agricultural biomass in Ontario, Canada using the Integrated Biomass Supply Analysis and Logistics Model (IBSAL). The supply of corn stover to the Ontario Power Generation (OPG) power plant in Lambton is simulated. This coal-fired power plant is currently not operating and there are no active plans by OPG to fuel it with biomass. Rather, this scenario is considered only to demonstrate the application of the IBSAL Model to this type of scenario. Five scenarios of delivering corn stover to the Lambton Generating Station (GS) power plant in Lambton Ontario are modeled: (1) truck transport from field edge to OPG (base scenario); (2) farm to central storage located on the highway, then truck transport bales to OPG; (3) direct truck transport from farm (no-stacking) to OPG; (4) farm to a loading port on Lake Huron and from there on a barge to OPG; and (5) farm to a railhead and then to OPG by rail. The net amount of annual biomass demand at the power plant was set to be 124,264 dry tonnes (dt) to produce 5% of the baseload fuel requirement of the power plant. For Scenario 1 the amount of biomass required to be harvested is 160,123 dt per year with delivery cost of $37/t. For Scenario 2 the amount of biomass is 155,730 dt per year with delivery cost of $48/t. For Scenario 3 the amount of biomass is 151,141t per year with delivery cost of $33/t. The differences in the amount of biomass and cost are due to dry matter loss and transport distance. For Scenario 4 the amount of biomass is 172,480 t per year with delivery cost of $94/t. Eight barges are required to deliver the entire supply of biomass to the power plant within a time period of 6 months. For Scenario 5 the amount of biomass is 170,686 t per year with delivery cost of $81/t. The required biomass could be delivered using 264 trips. The purchase cost of biomass is not included in this output.
Simulation of logistics to supply Corn Stover to the Ontario Power Generation (OPG) Plant in Lambton, Ontario INTRODUCTION Corn stover, with the heat value of 17.8 GJ/t (Domalski, et al 1986) , can be used as a source of biomass feedstock for power plants and to produce heat for greenhouses and schools. (Leask and Daynard, 1973; Al-Kaisi and Hanna 2002) . Yield increases for corn (Zea mays L.) in Ontario from 4 t/ha in the 1960`s to 10 t/ha in 2012 (Duffy and Marchand 2013) have created an opportunity for corn stover use. Duffy and Marchand (2013) have assumed 30% for moisture content (wet basis) and a rate of removing stover 30% of the above ground biomass yield. Duffy et al. (2013) showed that at the harvest time, moisture content ranges 20 to 30%. Glassner et al. (1999) , Petrolia (2008) , and Morey et al. (2010) expressed the rate of grain corn production to stover production DM (Dry matter basis) as 1:1.
Leaving stover on the ground makes the seed placement the following year challenging, but leaving some crop residue can contribute to improving soil organic matter (Glassner et al. 1999 , Al-Kaisi and Hanna 2002 , Oo and Lalonde 2012b . Oo and Albion (2010) recommended harvesting 3.2 t/ha of corn stover residue in Ontario, leaving the rest on the ground for soil conservation. Kludze et al, 2010 estimated a sustainable harvest of corn stover of 4.1 t/ha/yr for Lambton.
Protecting bales from moisture is important for energy re-use. Available bale storage options in Ontario included storing unwrapped bales under tarps, unwrapped bales in enclosed structure, wrapped bales stored outside, chopped biomass in enclosed structure such as a barn or fabric hoop structure, or storing chopped biomass in vertical silo or bunker silos. According to Oo et al. (2012a) , the least and most expensive storage methods are tarping in the field ($5-8/dt) and storing chopped under a fabric hoop structure (32-38 $/dt). Shinners, et al. (2007) showed that dry matter loss from uncovered outdoor storage ranges 17-38%, while this number is 2-5% for inside storage. No significant difference is observed in dry matter loss of square and round bales. Ontario Power Generation (OPG) -Case study OPG is a publically owned corporation, and is the primary supplier of electricity for the Province of Ontario in Canada. The Province of Ontario directed OPG to phaseout the use of coal in its generating facilities for the purpose of reducing greenhouse gas and other emissions. OPG has retrofitted two of its coal-fired power plants (Thunder Bay and Atitokan) to combust biomass fuels. The Lambton Generating Station (GS), is a coal-fired power plant located near Sarnia Ontario that has been decommissioned. While OPG has no plans to retrofit the Lambton GS to combust agricultural biomass, this study will assess supplying some agricultural biomass in order to understand and demonstrate the importance of biomass logistics in an agricultural part of the province. Lambton GS has retired two of the four coal-fired units in 2010. It stopped using coal in September 2013 by shutting down the other two units. Operating with coal, the Lambton GS was rated at 950 MW electrical capacity (OPG, 2013) . For this study, the net amount of annual biomass demand at the power plant was set to be 124,264 dry tonnes (dt) to produce 5% of the baseload fuel requirement of the power plant. Total farmland in western Ontario is reported to be 748,878 ha (Hewson and Oo 2009 ). For the assumptions of this project, one third of the total farmland in the region is assumed to be available for the harvest of corn stover for this project. This project assesses the cost to provide a steady supply of biomass. Because of its location on the St. Clair River, biomass can be transported to the Lambton GS by truck, lake, or rail. In this study the supply chain of delivery of corn stover to OPG is investigated.
The IBSAL (Integrated Biomass Supply Analysis and Logistics) model is a program platform that different researchers/consultants can use to analyze and design biomass collection and supply systems (Sokhansanj et al. , 2008 . The model output is costs (custom and ownership costs), energy flows, emissions (GHG), and resource requirements (man hours, machine hours, storage spaces, transport, processing). The model takes into account climate, harvest window, yield, moisture and net dry matter recoveries. Typical input to the program include crop type(s), harvest schedule and weather data for the specific region under study.
The Biomass Inventory Mapping and Analysis Tool (BIMAT) provides internet based GIS functionality to query and visualize biomass inventory data. Agriculture and Agrifood Canada AAFC (2012) developed the model to broaden knowledge about the availability of Canadian herbaceous and woody biomass, as well as the spatial variability of this resource across the country. Biomass supply and location information is made available through a collection of thematic maps and interactive queries of the herbaceous and woody biomass databases.
The objective of this research is to apply the IBSAL and BIMAT models to investigate the delivered cost of stover feedstock to the OPG Lambton Generating Station.
Modeling supply scenarios
The target of this scenario is to minimize the cost by reducing the loading and transportation cost as much as possible. Square bale are loaded directly from the field with no onfarm storage and no centralized storage. No on farm transportation and unloading is considered. A loader on the farm loads large trucks. The bales are directly transported to Lambton GS (Fig. 3) .
This scenario might be of interest if local corn stover was not available. Square baled stover is moved to the side of the field using a pick-up truck pulling a farm wagon. Then when a barge is available, bales are loaded on a large truck. Large trucks transport bales for 100 km to the port. Loaders are used to unload the large trucks and load the barge. The distance that barge carries the bales is assumed to be 150 km on Lake Huron. At the Lambton GS site on the St. Clair river the barge is unloaded and bales are put on large truck by loaders. Bales are transported for 1.5 km into a storage yard at the Lambton site of OPG by large trucks. Loaders are used to unload the large trucks. It is assumed that the barge capacity is 2500 bales per load (Fig. 4) . Scenario 5 -Railroad scenario The harvest part is identical to the scenario #4. Square bales are loaded on flat bed truck for on farm transportation. Loaders unload the pick-up trucks pulling a farm wagon, and load the large trucks at a later time. Bales are transported to railroad loading yard, assumed to be 10 km away. Loaders unload the large trucks and load the flatbed train cars. Bales are transported for 150 km by rail. Loaders are used to unload rail cars. Large trucks are loaded with bales. Since there is currently not rail siding capacity at the Lambton GS, an extra step of unloading onto large trucks was included in this analysis. Bales are transported for 2.5 km to the gate of OPG by large trucks (Fig. 5) .
Input data and assumptions
The model inputs consist of: daily weather data (from Environment Canada Data Centre), type of machinery, grain yield, crop grain harvest dates, amount of cultivated land, and biomass demand. The outputs of model operation costs, dry matter losses, amount of carbon emitted into the environment, consumed energy, recovered biomass, and number of machinery. Input of the simulation is summarized in Table 1 . Annual tonnage of biomass (stover) available It is assumed that the Lambton GS generating capacity of 500 MW and will operating using 100% biomass only in a "peaking" mode, operating with a capacity factor of only 5%. Therefore the fuel demand of the power plant is 2211900 GJ, which calculates to corn stover from more than 21462 ha. Table 2 shows the net yield of removable stover, the area in corn, and total supply area.
In BIMAT, a radius distance can be used as input, with the available crop as the output. In this study BIMAT is used to find the available biomass around Lambton GS. Table 3 shows the input of radius around the Lambton GS and the output of area, names of the towns, and available stover. Figure 6 shows the areas with specified distances from the Lambton GS.
Cost, energy and carbon emission
The methods of cost calculation are described by Sokhansanj and Turhollow (2002) . Fixed and variable costs associated with truck, rail and barge transportation are listed in Table 5 . Also Figure  7 shows how transportation cost changes with distance. It is more cost efficient to use barge or rail road for the distances more than 150 km. 
Analysis
It is important to have a sustainable supply of biomass to the power plant through the year. Therefore, despite of the higher costs of construction, having central storage is more reliable. It is $12/t more costly to deliver bales to central storage and from central storage to the power plant. In addition, more transportation and handling resulted in 1500 t/yr more dry matter loss for the central storage scenario.
Comparing the base scenario and the central storage scenarios showed that dry matter loss decreased 6500 t/yr by using auto collector. However using auto collector increase the energy consumption and carbon emission for about 30%.
The advantage of using barge or railroad vs. truck scenarios is that barge and railroad are in use 24/7. Other research has shown that it is not cost efficient to use barge or railroad unless the distance is more than 150 km. Barge scenario is more expensive than railroad, since the cost of transportation to waterfront is higher. The advantage of railroad to barge is that it is functional even in during the winter. The rail and barge scenarios were considered in this analysis to demonstrate the ability of the IBSAL software to consider this mode of transportation. RESULTS and DISCUSSION The IBSAL model is able to simulate the dry matter loss and report the recovered biomass. Recovered biomass is defined as the remained deliverable biomass after losing the dry matter in the supply chain. To compensate the dry matter loss each scenario, it is supposed to supply surplus to the OPG demand. Loss includes broken bales, material that falls from bales during transfer, and biological and physical breakdown in transportation and storage. Sokhansanj and Turhollow (2004) presented a method of calculating the dry matter loss, which is used in this study. The output of the IBSAL model is listed in Table 6 .
Cost of a scenario can be considered as one of the vital factors for decision makers. Scenario 3 -direct scenario is reported to be the cheapest at about $37/dt. Figure 8 compares the delivery cost of all five scenarios. There are some costs in the supply chain, which are optional. For example, raking and shredding have extra cost of about $4.5/t and tarping costs about $2-3/dt. Shredding is included in this study but raking and tarping are excluded. Scenario #1 (Base case scenario) The harvested biomass in this scenario is reported to be 160,123 t. Dry matter loss was reported at 22%. It cost $37/t to deliver biomass to the gate of the Lambton GS in this scenario. Transportation costs 50% of the total. Energy consumption of this scenario is reported to be 483.2 MJ/t. Transportation energy consumption is 19% of the total. Carbon emission is 33 kg CO 2 /t. 16 shredders, 57 round balers, 11 loaders, 4 flatbed trucks, 17 large trucks are required for this scenario. Scenario #2 (Central storage scenario) The harvested biomass in this scenario is reported to be 155,730 t. Dry matter loss was reported at 20%. It cost $48/t to deliver biomass to the gate of the Lambton GS in this scenario. Energy consumption of this scenario is reported to be 727 MJ/t. Auto collector energy consumption is 24% of the total, which is the highest energy consumption among all of the machinery. Carbon emission is 49 kg CO 2 /t. 17 shredders, 56 round balers, 29 auto-collectors, 4 loaders, 17 large trucks are required for this scenario. Scenario #3 (Direct scenario) The harvested biomass in this scenario is reported to be 151,141 t. Dry matter loss was reported at 18%. It costs about $33/t to deliver biomass to the gate of the Lambton GS in this scenario. Energy consumption of this scenario is reported to be 337 MJ/t. Transportation energy consumption is 27% of the total, which is the highest proportion of energy consumption among all of the scenarios. Carbon emission is 23 kg CO 2 /t. Energy consumption in this scenario is 30% less than in the central storage scenario #2. This more than the base case scenario. Stacker stinger, which is used in the central storage, is faster and more efficient than truck, which is pulling wagon. However, utilizing stacker stinger increases the cost of harvesting significantly. 3. Dry matter loss of the barge scenario is 6% more than the base case scenario; hence the harvesting cost of the barge scenario is 2% more than the base case scenario. Transportation costs of barge and railroad scenarios were respectively $51/t and $39/t more than the base case scenario. It is recommended to utilize barge and rail road for the distances more than 150 km. 4. Direct scenario had the least expensive transportation cost, which was %12 less than cost of transportation in the base case scenario. Loading and unloading were minimized in the direct scenario. Therefore, direct scenario had the least dry matter loss. 5. The advantage of the direct scenario is that it has the least harvest and transportation costs and also the least dry matter lost. However, lack of a permanent storage is the disadvantage of this scenario. Storage of bale on the farm side or in the central storage makes the supply chain of biomass more sustainable. 6. The annual biomass demand of OPG is estimated to be 124,264 t. The dry matter loss in the base scenario was 35838 t and recovered biomass was 77%. Dry matter loss in the central storage scenario is reported to be 31500 t and recovered biomass was 79%. For the direct scenario the dry matter loss reported to be 26905 t and 82% of the biomass was recovered. In the barge scenario the dry matter loss reported to be 48216 t and 72% of biomass was recovered. For the railroad scenario 46422 t dry matter is lost and 72% of the biomass was recovered. 7. Carbon emission of the first three scenarios was compared. The results showed that carbon emission raged 23-50 kg CO 2 /t. The share of transportation in total carbon emission were 58%, 61% and 79% of the total supply chain emission in the base case, central storage and direct scenarios respectively.
